Antibodies are the most rapidly expanding class of human therapeutics, including their use in cancer therapy. Monoclonal antibodies (mAb) against epidermal growth factor (EGF) receptor (EGFR) generated for cancer therapy block the binding of ligand to various EGFR-expressing human cancer cell lines and abolish ligand-dependent cell proliferation. In this study, we show that our mAb against EGFRs, designated as B4G7, exhibited a growth-stimulatory effect on various human cancer cell lines including PC-14, a non -small cell lung cancer cell line; although EGF exerted no growth-stimulatory activity toward these cell lines. Tyrosine phosphorylation of EGFRs occurred after treatment of PC-14 cells with B4G7 mAb, and it was completely inhibited by AG1478, a specific inhibitor of EGFR tyrosine kinase. However, this inhibitor did not affect the B4G7-stimulated cell growth, indicating that the growth stimulation by B4G7 mAb seems to be independent of the activation of EGFR tyrosine kinase. Immunoprecipitation with anti-ErbB3 antibody revealed that B4G7, but not EGF, stimulated heterodimerization between ErbB2 and ErbB3. ErbB3 was tyrosine phosphorylated in the presence of B4G7 but not in the presence of EGF. Further, the phosphorylation and B4G7-induced increase in cell growth were inhibited by AG825, a specific inhibitor of ErbB2. These results show that the ErbB2/ErbB3 dimer functions to promote cell growth in B4G7-treated cells. Changes in receptor-receptor interactions between ErbB family members after inhibition of one of its members are of potential importance in optimizing current EGFR family -directed therapies for cancer. (Mol Cancer Res 2007;5(4):393 -401) 
Introduction
The epidermal growth factor (EGF) receptor (EGFR) is a member of the structurally related ErbB family of receptor tyrosine kinase. The ErbB family includes four members [i.e., EGFR (ErbB1), ErbB2, ErbB3, and ErbB4], all of which can dimerize with each other; in addition to homodimerization, specific ligands also induce heterodimerization of different pairs of the ErbB family members (1, 2) . Although structural similarity exists between the family members, important differences are also present. Unlike the rest of the ErbB family, ErbB3 lacks tyrosine kinase activity (3, 4) and ErbB2 has no known ligand (5) . EGF and transforming growth factor a bind directly only to EGFR, whereas neuregulins (also known as heregulins) are specific for ErbB3 and ErbB4 (6) (7) (8) . Because expression levels of the family members and their ligands vary considerably in various cells, signaling pathways via activation of EGFR family members are complex.
Ligand-induced dimerization of EGFR is required to elevate its tyrosine kinase activity. The activated EGFR autophosphorylates tyrosine residues in its own COOH terminus, after which the receptor recruits and phosphorylates several signaling molecules such as growth factor receptor binding protein 2 (Grb-2), phospholipase Cg, Src homology and collagen protein (Shc), and Grb2-associated binding protein 1 (Gab1; refs. 9, 10). Thus, ligands for EGFR are able to activate a variety of signaling pathways through their association with these signaling molecules. The mitogen-activated protein kinase (MAPK) pathway leading to phosphorylation of extracellular signal -regulated kinase (ERK)-1/2 plays an essential role in cell growth (9) , and the phosphatidylinositol 3-kinase pathway is also important for cell growth and cell survival (11, 12) . Another important signaling pathway is one for downregulation of activated receptors. EGF binding is believed to result in localization of EGFR to clathrin-coated pits, from where EGFR is endocytosed. Recruitment of the Grb2/Casitas B-lineage lymphoma (Cbl) complex to the EGFR and subsequent activation of Cbl -dependent ubiquitination are essential for the delivery of EGFRs into these clathrin-coated pits (13) .
Alterations resulting in enhanced EGFR expression or function have been documented in a variety of tumors, including non -small cell lung cancer, breast cancer, and gliomas (14) (15) (16) (17) . These changes can occur due to increased production of ligands such as EGF and transforming growth factor a, increased gene transcription or amplification of EGFR, and receptor mutations resulting in constitutive activation of the receptor tyrosine kinase (18, 19) . A variety of approaches to block the EGFR-mediated signaling pathway are currently undergoing clinical evaluation, including the use of anti-EGFR monoclonal antibodies (mAb), low molecular weight tyrosine kinase inhibitors, and immunoconjugates (20, 21) . A series of anti-EGFR mAbs produced showed inhibitory activity toward the binding of EGF to A431 cells (22) . As a result of the inhibition of receptor kinase, these anti-EGFR mAbs prevented ligand-induced stimulation of growth in a variety of cells that expressed both EGFR and ligand (20) . It was also reported that anti-EGFR mAbs have the capacity to form receptor-containing complexes that result in receptor internalization, an important mechanism for attenuating receptor signaling (23) .
It is important to further explore the primary mechanism by which various antibodies against EGFR affect growth of a variety of cells. In this present study, we decided to examine the growth-inhibitory effect of a mouse anti-human EGFR mAb, B4G7, which had previously been prepared against human A431 cells (24). Contrary to our expectations, B4G7 actually exhibited a growth-stimulatory effect in a variety of cells including gefitinib-sensitive and gefitinib-resistant non -small cell lung cancer cell lines, PC-9 and PC-14, respectively. Because EGF showed no stimulatory effect on the growth of these cell lines, we studied the molecular effects of B4G7 mAb and EGF in more detail. Our results indicate that mAb against EGFR increased growth of several cancer cell lines by stimulating the formation of ErbB2/ErbB3 heterodimers. Therefore, it is of importance to consider the status of all ErbB family members in cancer cells, not just the EGFR, for optimizing EGFR-directed cancer therapies.
Results

Growth-Stimulatory Activity of mAb against EGFR
We previously produced a mouse anti-human EGFR mAb against A431 cells and referred to it as B4G7 (24) . In this study, we first examined the effect of the B4G7 mAb on the growth of various human cancer cell lines. The mAb exhibited a growthstimulatory effect on human non -small cell lung cancer cell lines (PC-9, PC-14, and A549) as well as on A431 human epidermoid carcinoma cells, as determined from the results of a colorimetric assay (Fig. 1) . The growth-stimulatory action of B4G7 was confirmed by counting the number of PC-14 cells in the presence or absence of B4G7 (data not shown). We also examined the mitogenic activity of purified mouse immunoglobulin G (IgG) toward PC-14 cells and found that their growth was not affected by this control IgG (data not shown). These were unexpected results because many research groups have previously reported that anti-EGFR mAbs block the binding of ligand to various EGFR-expressing human cancer cell lines and thereby abolish ligand-dependent cell proliferation (20) . Because EGF showed no stimulatory effect on the growth of these cell lines, we next studied the molecular effects of B4G7 mAb and EGF on EGFR.
B4G7 mAb Affects Neither the Internalization nor the Down-Regulation of EGFR in PC-14 Cells
As shown in Fig. 2A , the majority of EGFRs were localized at the cell surface in the control cells. After EGF stimulation, the distribution of EGFRs was quite distinct: the cell-surface receptors disappeared; and EGFR-containing vesicles appeared in their place, thus indicating the internalization of EGFR on F I G U R E 1 . G r o w t hstimulatory effect of anti-EGFR mAb. Cells were treated or not with 100 ng/mL EGF or 10 Ag/mL B4G7 for 2 d and their growth was estimated by means of WST-1 assay as described in Materials and Methods. Columns, mean (n = 6); bars, SD. *, P < 0.01. Similar results were obtained from five independent experiments.
EGF stimulation. In contrast, most of EGFRs still remained on the cell surface after B4G7 treatment. We next did Western blot analysis to assess the down-regulation of EGFRs after stimulation of PC-14 cells with EGF or B4G7 mAb (Fig. 2B) . The down-regulation increased as the incubation time with EGF was lengthened, whereas EGFRs were still detected even 12 h after B4G7 treatment. Thus, B4G7 mAb affected neither the internalization nor the down-regulation of EGFRs.
Activation of EGFR, ERK1/2, and Akt after B4G7 Treatment
Next, we assessed EGFR phosphorylation on Tyr 1173 and phosphorylation of ERK1/2 and Akt, downstream molecules of EGFR, after stimulation of PC-14 cells with EGF or B4G7 mAb (Fig. 3) . Following the addition of EGF or B4G7, tyrosine phosphorylation of EGFR was observed with a peak at 10 to 15 min. ERK1/2 and Akt were phosphorylated even in the absence of EGF or B4G7, and this phosphorylation was further augmented in both EGF-and B4G7-treated cells. It thus seems that the growth-stimulatory activity of B4G7 mAb is not simply explained by its activity to stimulate tyrosine phosphorylation of EGFR and subsequent phosphorylation of ERK1/2 and Akt molecules. Figure 3 also shows the effect of AG1478, a specific inhibitor of EGFR tyrosine kinase, on tyrosine phosphorylation of EGFR. This inhibitor suppressed the tyrosine phosphorylation of EGFR in both EGF-and B4G7-treated cells, although a Cell lysates were prepared and used for the detection of EGFR as described in Materials and Methods. The blot was reprobed with a h-actin antibody to show equal loading. Similar results were obtained from four independent experiments. Immunoblot analyses of total cellular lysates, which were prepared by using the Laemmli SDS buffer containing 5% mercaptoethanol, gave similar results. Total cell extracts were then prepared and electrophoresed on 7.5% SDS-PAGE for the detection of EGFR phosphorylation or on 12.5% SDS-PAGE for the detection of phosphorylated ERK1/2 and phosphorylated Akt. EGFR, ERK1/2, and Akt and phosphorylation of these molecules were detected by using each corresponding antibody. Similar results were obtained from three independent experiments. faint band of phosphorylated EGFR band was still visible in EGF-treated cells after AG1478 treatment. On the other hand, the inhibitory activity of the inhibitor against the phosphorylation of ERK1/2 and Akt was not remarkable. This result suggests that activation of the two signaling proteins ERK1/2 and Akt in B4G7-treated cells occurred via a pathway independent of the tyrosine phosphorylation of EGFR.
Next, we determined the effect of AG1478 on the B4G7-stimulated cell growth (Fig. 4) . This inhibitor showed no inhibitory activity against the stimulation of PC-14 cell growth, indicating that the growth stimulation by B4G7 mAb seems to have been independent of the activation of EGFR tyrosine kinase.
Stimulated Formation of HER2/HER3 Heterodimer by B4G7
EGFR, ErbB2, ErbB3, and ErbB4 are members of the ErbB family of receptors. ErbB receptors signal through a network involving receptor homodimerization and heterodimerization. Thus, we examined whether B4G7 mAb would cause the down-regulation of other members of the ErbB family although it did not down-regulate EGFR. As shown in Fig. 5A , incubation of PC-14 cells with EGF, but not with B4G7 mAb, caused down-regulation of ErbB2. On the other hand, neither EGF nor B4G7 mAb down-regulated ErbB3. Many studies have shown that ligand-activated EGFRs preferentially recruit ErbB2 into a heterodimeric complex in cells that coexpress ErbB2 (25) . Thus, it is most likely that EGF downregulated ErbB2 through the increased formation of EGFR/ ErbB2 heterodimer. In fact, when lysates from EGF-treated PC-14 cells were incubated with anti-EGFR antibody, ErbB2 became detectable in the immunocomplex (Fig. 5B) . In contrast, it was not detected in lysates from B4G7-treated PC-14 cells.
ErbB3 has been observed to preferentially heterodimerize with ErbB2 in several cancers, leading to a strong oncogenic signal thought to promote tumor cell proliferation (26) . We thus studied whether treatment of PC-14 cells with EGF or B4G7 would affect complex formation between ErbB2 and ErbB3. Immunoprecipitation with anti-ErbB3 antibody revealed that Lysates were prepared from these cells and used for the detection of ErbB2 and ErbB3 as described in Materials and Methods. The blot was reprobed with a h-actin antibody to show equal loading. B. EGFR was immunoprecipitated from the lysates by using anti-EGFR antibody, and the immunoprecipitates were examined for EGFR and ErbB2 as described in Materials and Methods. C.
PC-14 cells were treated or not with EGF or B4G7 for 15 min. The supernatant fractions of cell lysates were immunoprecipitated with anti -cerbB3 antibody, and proteins eluted from the immunocomplexes were subjected to SDS-PAGE and used for immunoblot analysis of ErbB2 and ErbB3. Similar results were obtained from three independent experiments. B4G7 but not EGF stimulated heterodimeriztion between ErbB2 and ErbB3 (Fig. 5C) .
The EGFR extracellular domain (amino acids 1-621) shares 45% amino acid identity with that of ErbB3. Due to this homology, specific B4G7 antibody against EGFR may show some cross-reactivity against ErbB3. We thus determined whether B4G7 binds to ErbB3 as well as to EGFR. Immunocomplexes were prepared from lysates of PC-14 cells using B4G7 and assayed for the presence of ErbB3 by immunoblot analysis. Because ErbB3 was not detected at all in these complexes (data not shown), B4G7 seems to promote formation of ErbB2/ErbB3 heterodimers by its binding to EGFR but not to ErbB3.
B4G7-Stimulated Cell Growth Requires ErbB2/ErbB3 Heterodimer and ErbB3 Tyrosine Phosphorylation
If ErbB2/ErbB3 heterodimers are formed in the presence of B4G7, ErbB3 of B4G7-treated cells could be phosphorylated by ErbB2 tyrosine kinase. Indeed, ErbB3 was tyrosine phosphorylated in the presence of B4G7 but not in the presence of EGF (Fig. 6A) . Further, this phosphorylation was inhibited by AG825, a specific inhibitor of ErbB2. On the contrary, EGFinduced phosphorylation of ErbB2 at Tyr 1248 , possibly through heterodimerization of EGFR/ErbB2, was not inhibited by AG825 (Fig. 6B) , indicating a selective inhibitory action of this inhibitor against ErbB2 tyrosine kinase. Further analysis of immunocomplexes formed in the presence of anti-EGFR antibody confirmed that ErbB2 phosphorylation by EGFR tyrosine kinase was not inhibited by this inhibitor: tyrosine-phosphorylated ErbB2 was detected only in the immunocomplexes from EGF-treated cells but not in those from B4G7-treated cells, and this phosphorylation was not inhibited by AG825 (data not shown).
To examine association of ErbB2 tyrosine kinase with B4G7-induced cell growth, we treated PC-14 cells with AG825 before their stimulation with EGF or B4G7. As shown in Fig. 6C , cell growth increased by B4G7 was suppressed to the control level by this pretreatment. These results show that ErbB2 tyrosine kinase and the ErbB2/ErbB3 dimer function to promote cell growth in B4G7-treated cells.
Discussion
We previously produced a mAb against EGFRs by immunizing BALB/c mice with human epidermoid carcinoma A431 cells (24) . This mAb, which we named B4G7, inhibited the binding of 125 I-EGF to A431 cells and human fibroblasts and specifically precipitated EGFR of A431 cells. Sato et al. (22) also produced mAbs against A431 cells and found that these antibodies were capable of inhibiting both the binding of EGF to its receptor and ligand-induced cell proliferation. In this study, we made the unexpected finding that B4G7 mAb exerted growth-stimulatory activity toward various cancer cell lines. We initially thought that B4G7 stimulated cell growth via signaling pathways originating from EGFR tyrosine phosphorylation because B4G7 stimulated EGFR tyrosine phosphorylation and also phosphorylation of MAPK and Akt, two downstream signaling molecules of EGFR. However, the growth stimulation by B4G7 was independent of EGFR activation itself because the stimulation was not affected by the presence of AG1478, an EGFR tyrosine kinase -specific inhibitor.
EGFR forms homodimers as well as heterodimers with the other ErbB family members, and cooperation between ErbB family members plays pivotal roles in a variety of critical functions. It is thus reasonable to speculate that binding of B4G7 mAb to EGFR affects cross-talk among the ErbB family and the cellular effects mediated by these receptors. In B4G7-treated PC-14 cells, the EGFR/ErbB2 complex was not detected, although its formation was increased in response to EGF (Fig. 5B) . Therefore, B4G7 may have blocked the ability of EGFR to heterodimerize with ErbB2 or ErbB3 and thus facilitated enhanced dimerization between ErbB2 and ErbB3. In fact, ErbB2/ErbB3 heterodimers were formed in the presence of B4G7 but not in the presence of EGF (Fig. 5C) . In EGF-treated PC-14 cells, major combinations of ErbB family members were EGFR homodimer and EGFR/ErbB2 heterodimer. AG1478 inhibited, but not completely, EGFR phosphorylation, whereas it inhibited phosphorylation of ERK1/2 and Akt to a lesser extent. The limited efficacy of AG1478 could have arisen from unblocked ErbB2 signaling in the form of EGFR/ErbB2.
At least six different ligands are known to bind to EGFR. These ligands include EGF, transforming growth factor a, amphiregulin, heparin-binding EGF, betacellulin, and epiregulin (1, 20, 27) . A second class of ligands, collectively termed neuregulin, bind directly to ErbB3 and/or ErbB4 (6) (7) (8) . It is known that ErbB2 and ErbB3 dimerize to produce a highaffinity receptor for neuregulin-1. Because production and secretion of neuregulin-1 have been reported in many human lung cancer cell lines (28) , it is very likely that neuregulin-1 or neuregulin isoform is secreted from PC-14 cells and thereafter activates the ErbB2/ErbB3 heterodimer in an autocrine fashion. This likelihood is supported by the finding that ErbB3 phosphorylation was increased on B4G7 addition and abrogated in the presence of AG825, which selectively inhibits the ErbB2 kinase activity.
The physiologic role of ErbB2, in the context of ErbB ligand signaling, is to serve as a coreceptor (29, 30) . ErbB2 seems to be the preferred partner of the other ligand-bound ErbBs (25, 31) . ErbB3 functions as an indispensable ErbB2 dimerization partner and is required for proliferation of ErbB2-overexpressing tumor cells, and neither ErbB1 nor ErbB4 could replace ErbB3 as partner of ErbB2 to drive proliferation. Therefore, it seems that the ErbB2/ErbB3 formed in the presence of B4G7 but not in the presence of EGF transmits effective proliferation signals in PC-14 cells. This notion is supported by our finding that AG825, a specific inhibitor of ErbB2, suppressed B4G7-stimulated cell growth (Fig. 6C) . Taken together, these findings indicate that B4G7 transmitted signals for growth stimulation by increasing the formation of ErbB2/ErbB3 (see Fig. 7 ).
The signals generated by activated growth factor receptors are generally attenuated by the process of receptor internalization, which leads to receptor degradation (32, 33). Neuregulin has been reported to undergo slow endocytosis followed by receptor recycling to the plasma membrane (34) .
In contrast, most of the EGF-stimulated EGFR molecules are destined to lysosomal degradation. Due to the consequent clearance of EGFR but not ErbB3 molecules from the cell surface, the mitogenic signal evoked by EGF is less potent than the neuregulin signal (29) . In PC-14 cells, EGFR and ErbB2 were down-regulated in the presence of EGF, but their levels were unchanged after B4G7 treatment. Therefore, slow endocytosis and receptor recycling of ErbB2 and ErbB3 may explain the capacity of B4G7 to deliver more sustained mitogenic signals than EGF. Another mechanism for the different mitogenic capacity probably involves the recruitment of distinct sets of downstream effectors to each of the activated ErbB family members. One of the downstream effectors is phosphatidylinositol 3-kinase, the activation of which results in the phosphorylation of the 3 ¶ position of phosphatidylinositol 4,5-bis-phosphate to yield phosphatidylinositol 3,4,5-tris-phosphate. Phosphatidylinositol 3,4,5-trisphosphate, in turn, activates several downstream signaling molecules including Akt. ErbB3 effectively couples to the phosphatidylinositol 3-kinase/Akt pathway because it has six tyrosine phosphorylation sites with YXXMs motifs, which serve as excellent binding sites for phosphatidylinositol 3-kinase (35, 36) . Because the phosphatidylinositol 3-kinase/Akt pathway originating from ErbB3 is suggested to play an important role in the stimulation of cell growth (37, 38) , it is reasonable to speculate that this pathway is linked to the mitogenic superiority of ErbB3. In this study, we determined the phosphorylation time course of Akt in B4G7-and EGFtreated cells, but there was no significant difference between their phosphorylation kinetics.
Neuregulin activates ERK MAPK, a signaling pathway that is critical in the mitogenic effect of neuregulin (39, 40) . It has been indicated that sustained, but not transient, activation of ERK induces phosphorylation of immediate early gene products, which leads to their stabilization and activation, resulting in appropriate gene expression, such as that of cyclin D (41, 42) . Further, only sustained ERK activation induces and maintains decreased expression levels of antiproliferative genes (43) . Thus, the duration and magnitude of ERK activity is a key determinant for the mitogenic response of various cells to EGF (44, 45) . The differential mitogenic response of PC-14 cells to FIGURE 7 . Schematic representation of how mAb B4G7 stimulates cell growth. Homodimers and heterodimers of EGFR are formed on EGF addition. On the other hand, the ErbB2/ErbB3 heterodimer is formed in the presence of B4G7 mAb because binding of B4G7 mAb to EGFR inhibits the ability of EGFR to form heterodimers with ErbB2 and ErbB3. ErbB2/ErbB3, unlike EGFR dimers, continues to exist on the cell surface and transmits signals for growth stimulation. ErbB2/ErbB3 may be activated in an autocrine fashion.
EGF and B4G7 may be related to the differential kinetics of ERK activation in B4G7-and EGF-treated cells. However, both EGF and B4G7 mAb stimulated phosphorylation of ERK in a similar time-dependent manner (see Fig. 3 ). We studied phosphorylation of ERK and Akt in PC-14 cells treated with EGF or B4G7 for a longer period of time, but observed no significant difference in the phosphorylation time course between B4G7-and EGF-treated cells. 4 The duration of Akt and MAPK activities may be essential, but not sufficient, for ensuring G 1 phase progression of PC-14 cells. A more detailed side-by-side comparison of PC-14 cells treated with EGF or B4G7 should provide a hint for elucidating the signaling pathway for B4G7-induced cell growth.
A variety of approaches to block the EGFR-mediated signaling pathway are undergoing clinical evaluation, including the use of mAbs against EGFR and ErbB2 (46). The study presented here might have important clinical implications because it indicates that mAb against EGFR stimulated the growth of several cancer cell lines by affecting dimerization of EGFR family members other than EGFR. Similarly, ZD1839, a specific EGFR tyrosine kinase inhibitor, has been reported to inhibit the growth of ErbB2-overexpressing breast cancer cells, possibly by sequestration of ErbB2 and ErbB3 receptors in an inactive heterodimer configuration with EGFR (47) . Another group also reported that elimination of ErbB2 signaling resulted in an increase in EGFR expression and activation and that its increased activation contributed to sustained cell survival (48) . Changes in receptor-receptor interactions between ErbB family members and compensatory changes in the ErbB family after inhibition of one of its members are of potential importance in optimizing current EGFR family -directed therapies for cancer.
Materials and Methods
Materials
EGF (ultrapure) from mouse submaxillary glands was purchased from Toyobo Co. Ltd. (Osaka, Japan). FCS, phenylmethylsulfonyl fluoride, pepstatin A, p-toluenesulfonyl-L-arginine methyl ester, leupeptin, and aprotinin came from Sigma (St. Louis, MO). AG1478 [4-(3- A mouse anti-human EGFR mAb (B4G7) was purified from mouse ascites by ammonium sulfate precipitation and protein G column chromatography. All other chemicals were commercial products of reagent grade.
Cell Culture
Human non -small cell lung cancer cell lines PC-9 and PC-14 were obtained from Tokyo Medical University (Tokyo, Japan). Both lines were cultured in RPMI 1640 supplemented with 5% FCS in 5% CO 2 at 37jC in a fully humidified atmosphere. Human adenocarcinoma A549 and epidermoid carcinoma A431 were cultured in DMEM supplemented with 5% FCS. Exponentially growing cells were used in all experiments.
Growth Stimulation Assay
Cells were seeded at a density of 2 Â 10 3 per well into a 96-well microtiter plate and cultured for 2 days in the presence of 5% FCS. They were then treated with 100 ng/mL EGF or 10 Ag/mL B4G7 mAb. After incubation for 48 h, growth stimulation was quantified by a colorimetric assay with the WST-1 reagent according to the manufacturer's instruction (Dojindo Laboratories, Kumamoto, Japan).
Preparation of Cellular Lysates and Immunoblotting
PC-14 cells were seeded at a density of 1.2 Â 10 5 per 35-mm-diameter dish and cultured for 2 days. They were then treated or not with 100 ng/mL EGF or 10 Ag/mL B4G7 mAb for indicated times at 37jC. When the effects of AG1478 or AG825 were assayed, these inhibitors were added 2 h before the addition of EGF or B4G7. The cells were then washed with ice-cold PBS and subsequently lysed by incubating in hypotonic buffer [10 mmol/L Tris-HCl (pH 7.8), containing 10 mmol/L NaCl, 1.5 mmol/L MgCl 2 , 0.5 mmol/L DTT, 0.5 mmol/L phenylmethylsulfonyl fluoride, 2 Ag/mL leupeptin, 2 Ag/mL aprotinin, and 0.3% NP40]. The lysates were incubated on ice for 10 min and clarified by centrifugation at 1,500 Â g for 5 min at 4jC. Total proteins (10 Ag/mL) from the supernatant fractions were resolved by SDS-PAGE and transferred to Immobilon-P membrane (Millipore, Bedford, MA). The membranes were sequentially incubated, first with primary antibody for 2 h and then with horseradish peroxidaseconjugated anti-rabbit IgG antibody (1:1,000) or anti-mouse IgG antibody (1:1,000) for 1 h. Finally, the proteins were visualized by use of an enhanced chemiluminescence Western Blotting Detection System (GE Healthcare) and exposed to autoradiography film (Fuji Medical X-ray film RX-U, Fuji Photo Film Co., Ltd., Tokyo, Japan).
Immunostaining of Cells for Confocal Laser Scanning Microscopic Observation
Immunostaining of cells was done as previously described (49) . Briefly, PC-14 cells were grown on coverslips for 2 days and then stimulated with 100 ng/mL EGF or 10 Ag/mL B4G7 mAb for 15 min. The cells were fixed with methanol for 5 min at À20jC, after which they were washed thrice with 20 mmol/L TBS (pH 7.4) containing 1 mmol/L CaCl 2 (TBS-Ca) and incubated with anti-EGFR antibody for 2 h at room temperature.
After being washed with TBS-Ca, the cells were incubated with biotinylated sheep anti-mouse immunoglobulin antibody (1:100) for 1 h at room temperature and then with Texas red -labeled streptavidin (GE Healthcare). The stained cells were observed under a confocal laser scanning microscope (MRC1024, Bio-Rad, Hercules, CA).
Immunoprecipitation
PC-14 cells were seeded at 1.2 Â 10 6 per 150-mm dish and incubated in RPMI 1640/5% FCS for 2 days. The cultures were then incubated for 2 h in the presence or absence of 0.5 Amol/L AG825 and treated with either EGF or B4G7 for the indicated times at 37jC. They were lysed in hypotonic buffer and centrifuged at 1,500 Â g for 5 min as described above. The supernatant fractions were incubated overnight at 4jC with anti -c-erbB3 (clone 2F12) antibody (LabVision Co., Fremont, CA) or anti-EGFR antibody (B4G7). Immunocomplexes were collected on protein G-sepharose (GE Healthcare). Bound proteins were washed thrice with 10 mmol/L Tris-HCl buffer (pH 7.4) containing 135 mmol/L NaCl, 0.1% NP40, 0.1% Triton X-100, a cocktail of protease inhibitors (0.1 mg/mL phenylmethylsulfonyl fluoride, 2 Ag/mL leupeptin, 1 Ag/mL pepstatin A, 0.1 Ag/mL p-toluenesulfonyl-L-arginine methyl ester), 1 mmol/L sodium orthovanadate, 2 mmol/L EGTA, 5 mmol/L EDTA, 50 mmol/L sodium fluoride, and 30 mmol/L Na 4 P 2 O 7 and once with TBS and eluted in Laemmli sample buffer containing 2-mercaptoethanol. Eluted proteins were subjected to SDS-PAGE and immunoblotted as described above.
Protein Assay
Protein content was assayed by using a Coomassie Plus Protein Assay reagent (Pierce Chemical Co., Rockford, IL) according to the manufacturer's instructions.
